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Previous studies have hypothesized that tetracycline use in MRSA infections originating in the community have been the animal industry may function as a driving force in the reported to be a common occurrence after the bacteria's apemergence of the MRSA CC398 sequence type. 1112 Subsequent pearance in the United States. 2 MRSA strains of clonal comresearch suggested that resistance to antimicrobial metals may plex 5 (CC5) and CC8 are identified to be the largest and be a larger driver of antibiotic resistance than use of specific most diverse. In addition, many other MRSA clones are obantimicrobials, as animals are frequently fed supplements served to be in circulation worldwide. 3, 4 CC398 has emerged containing metal products. 1314 This is particularly noted for as an important colonizer mainly among food-producing anmetals such as zinc and copper that are observed to have imals, particularly swine, and in humans reporting close conantibacterial and antimycotic effects against diarrhea and tact with these animals (designated livestock-associated growth depression in weanling pigs.' 415 However, resistance MRSA [LA-MRSA]). 5, 6 Studies on LA-S. aureus (LA-SA) have to these trace elements was observed in S. aureus strains isoalso observed infections due to both MRSA and methicillinlated from livestock.
14 susceptible S. aureus (MSSA) CC398 in humans and aniExtensive studies identified heavy metal-resistant determals. 7, 8 Additionally, studies conducted in Europe 9 and the minants against compounds such as zinc, cadmium, mercury, United States 910 have suggested retail meat to be a potential and arsenic to be coded on plasmids and mercury on the 18 Hence, it was speculated that resistance determinants to other metals such as zinc and cadmium could also be located on a chromosomal mobile element capable of horizontal transfer among S. aureus strains. 16 This hypothesis was supported by identifying a gene responsible for resistance to zinc and cadmium (czrC) linked to the staphylococcal chromosome cassette (SCC) mec element in MRSA CC398 isolates. 17 A similar finding showed clustering of metal resistance determinants on the SCCmec element, closely linking it to the mecA gene. 18 The loss of resistance determinants for zinc and tetracycline, both frequently used in farming, resulted in complete or partial loss of the SCCmec element. 19, 20 This relationship between phenotypic and genotypic presence of zinc and cadmium resistance and methicillin resistance was further strengthened when all tested MSSA isolates were found to be negative for the czrCgene.
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' 21 Staphylococcus aureus isolated from livestock, environmental, retail meat, and humans from both colonization and infection samples was tested, but antibiotic susceptibility data, potential genetic predictors for livestock association (sen), and their interactions with zinc and cadmium resistance were not tested. It is crucial to include such data when modeling transmission or spread of S. aureus in humans and livestock.
Our study objective was to identify prevalence of the czrC gene in S. aureus colonizing and infecting isolates from humans, swine, and retail meat contamination samples mostly obtained in Iowa. Associations between potential risk factors and presence of the czrC gene as determinants for zinc and cadmium resistance will also be analyzed for the tested isolates. In addition, Iowa contributes about 30% to the production of hogs in the United States, and MRSA CC398 has been identified among Iowa swine and swine workers. 22, 25 Individuals with farm and swine exposure in Iowa may also be at an increased risk for colonization with multidrugresistant S. aureus (MDRSA) and tetracycline-resistant strains (Wardyn et al, unpublished observations). The presence of LA-SA strains and the dependence on agriculture and livestock warrant testing for zinc and cadmium resistance and its impact on resistance to other antibiotics.
M A T E R I A L AND M E T H O D S
An observational study was conducted to assess the prevalence of czrC, and a descriptive analysis was conducted to identify predictors for genotypic resistance to zinc and cadmium in S. aureus. A convenience sample of 349 S. aureus isolates obtained from 2008 to 2013 was tested (Figure i) . 27 Most isolates were obtained from human nasal and throat colonization and infection samples collected via a longitudinal cohort study of individuals with agricultural exposures (via the Iowa Agricultural Health Study) and those living in rural areas but without farming occupations (via the Iowa voter registration database). Infection surveillance was carried out using a subset of Iowa's clinical diagnostic laboratories. Characteristics for farm workers (such as work grade) and patient information for infection surveillance isolates were not available for comparison. Staphylococcus aureus isolated from retail meat contamination swabs (raw pork) from Iowa, Minnesota, and New Jersey was also tested for the czrC gene. Information on antibiotic and metal ion exposure in sampled asymptomatic swine and retail meat was not available for analyses.
Staphylococcus aureus strain types identified to be sequence types (ST) 398 and ST9 in previous studies were included in this study. Isolates were also included if they belonged to spa types within 6 steps of t034 (ST398) and tl93 (ST9) using the Based Upon Repeat Pattern (BURP) algorithm 28 or belonged to these sequence types on multilocus sequence type. Additionally, we included isolates identified as spa type t002 and its BURP cluster. Previous studies have identified S. aureus t002 in livestock; hence, we included these spa types regardless of origin. 29 Isolates were also included if they demonstrated complete or intermediate resistance to tetracycline, given the association of resistance with livestock strains. This study was approved by the University of Iowa Human Subjects Office as an exempt study. Isolates were grown and confirmed to be S. aureus as described previously. 10 
Staphylococcus aureus Genetic Analysis
Amplification of the spa fragment was performed using methods and primers as described previously. 32 Identification of spa type for each isolate and spa cluster complexes using BURP was performed using Ridom StaphType (ver 2.2.1; Ridom). 28, 33 All isolates were tested for methicillin resistance (mecA gene), 34 staphylococcal complement inhibitor (sen gene), 31 and zinc-cadmium resistance {czrC gene), 17, 21 as per previously published standard polymerase chain reaction (PCR) protocols. Positive and negative controls were used in all molecular assays.
Antimicrobial Susceptibility Testing (AST)
The antimicrobial susceptibility of isolates was tested by the broth microdilution method for susceptibility to oxacillin, gentamicin, erythromycin, clindamycin, tetracycline, trimethoprim/sulfamethaxozole, imipenam, levofloxacin, linezolid, vancomycin, and daptomycin, in accordance with Clinical Laboratory Standards Institute standards. 35 High-level resistance to mupirocin (MIC > 512 mg/L) and inducible clindamycin resistance were also examined. All AST-confirmed MRSA isolates were considered to be MDR. MSSA isolates nonsusceptible to >1 antimicrobial agent in >3 discrete antimicrobial classes were also classified as MDR, as per a recently published report on standardization of bacterial antimicrobial resistance profiles. 36 Of the 349 S. aureus isolates, 244 (70%) were tested for antibiotic susceptibility. Results on antimicrobial susceptibility and risk predictors for being czrC positive are presented for these 244 observations to maintain completeness of data.
Statistical Analysis
Presence or absence of czrC was analyzed as the outcome variable. Prevalence of genetic and antibiotic susceptibility predictors was compared between S. aureus czrC-positive and czrC-negative groups using the \ 2 (or Fisher's exact) test for categorical variables. Due to limitations of sample size, exposures such as the origin of sample (swine, human, retail meat), S. aureus strain type (LA, non-LA, nontypeable) and results on antibiotic susceptibility (susceptible, resistant/intermediate) were analyzed individually and as groups in broad categories (sample origin: swine and other, strain type: LA and non-LA, antibiotics: susceptible and resistant).
Effect modifications between covariates were investigated using the Cochran-Mantel-Haenszel method. Multivariable analyses were performed using PROC LOGISTIC to observe for crude and adjusted associations. Variables with P values <.2 in the bivariate analysis were included in model selection. Predictors for zinc and cadmium resistance were identified using a manual backward selection process. The HosmerLemeshow test, Akaike's Information Criterion, and the c statistic were used to assess fit for the final parsimonious model. Data analysis was performed using SAS statistical software (ver 9.3; SAS Institute).
R E S U L T S
Of the 350 S. aureus isolates tested and analyzed, 235 were isolated from humans, 89 from swine, 25 from retail meat, and 1 from a wildlife study. The wildlife isolate was excluded from final analysis. Roughly 61% of S. aureus isolates were from noninfection samples (214/349) and MSSA (209/349, 59.9%). Presence of czrC was observed in 102/349 (29%) of S. aureus isolates (Table 1) .
There was good concordance between methicillin resistance tested by broth microdilution and PCR. Eight isolates were observed to have discordant oxacillin resistance phenotype-genotype. NOTE. Data on the wildlife isolate were excluded. A plus sign indicates that the gene was gene present; a minus sign indicates that it was absent. czrC, gene encoding zinc and cadmium resistance; I, infection isolates; mecA, gene encoding methicillin resistance; NI, noninfection (includes colonization and retail meat swab samples); sen, gene encoding staphylococcal complement inhibitor.
Predictors of Zinc and Cadmium Resistance in S. aureus
Bivariate analysis of the association between exposures and resistance to zinc and cadmium is shown in Staphylococcus aureus isolates negative for sen were more likely (OR, 2.54; 95% CI, 0.96-6.7; P = .05) to be czrC positive after controlling for MDR. We also observed a significant association between MDR and czrC adjusted for sen (OR, 2.78; 95% CI, 1.13-6.84; P = .02). Additionally, we observed an increased odds (OR, 4.7) of czrC-positive S. aureus in noninfection isolates adjusted for tetracycline susceptibility (95% CI, 1.38-16.2; P = .009). Staphylococcus aureus isolates were also observed to differ in presence of the czrC gene by origin (swine vs other) after controlling for tetracycline susceptibility (P < .0001).
Several multivariable analyses were performed including variables from bivariate analysis in the logistic regression model. We included the variable tetracycline susceptibility in models since at least 1 study has observed czrC and tet(K) to be encoded in the same region in the SCCmec complex of porcine S. aureus isolates, suggesting the potential for selective antibiotic resistance. 20 Table 4 shows the crude and adjusted multivariable models. Methicillin resistance variables by PCR and AST were both included in multivariable models. MRSA was observed to have increased odds of being czrC positive compared to MSSA on both crude (P = .76) and adjusted {P = .0005) analysis. The odds of zinc and cadmium resistance in sen-negative S. aureus significantly decreased when adjusted for oxacillin and clindamycin susceptibility (OR, 0.21; P = .11). MDRSA was also observed to have significantly lower odds of being czrC positive compared to non-MDRSA on adjusted analysis (OR, 0.06; P = .03). The c statistic for the final model is 0.86.
Subgroup Analysis
We conducted a subgroup analysis to establish observed associations for zinc and cadmium resistance in human colonization and infection samples. This analysis included 209 S. aureus isolates, of which only 8 (3.8%) were czrC positive. Roughly 22% were MRSA isolates, 101 (48.3%) sen negative, and 82 (39.2%) were MDR. Forty-three percent of 209 S. aureus human isolates were from colonization samples, and 53%> were identified as study-defined LA-SA strains.
Human MRSA isolates were observed to have greater odds of being czrC positive compared to human MSSA isolates, although the association was not statistically significant (OR, 1.26; 95% CI, 0.25-6.5). Additionally, we observed lower odds of LA-SA strains isolated from humans being czrC positive (OR, 0.52; 95% CI, 0.12-2.22) compared to non-LA strains. Factors such as sen-negative S. aureus, MDR, and noninfection strains were observed to have a low odds of being czrC positive in humans, albeit not significant.
D I S C U S S I O N
Findings from the study document that zinc and cadmium resistance exists in human and livestock S. aureus isolates in the United States. Of the 349 tested isolates, roughly 79% of S. aureus isolated from swine was positive for the czrC gene, compared to 10% of human and 36% of retail meat contamination S. aureus isolates. Our study observed 19.6% of MRSA isolates to be czrC positive compared to other studies from Europe that observed prevalence of 74% (MRSA from swine farms), 11 58% (human and swine MRSA), 17 70% (swine MRSA), and 4 1 % (veal MRSA). 21 The relatively low prevalence could be due to exclusion of S. aureus isolates that were MRSA by presence of the mecA gene but lacked antibiotic susceptibility NOTES. Antimicrobial susceptibility was tested by broth microdilution method. Multidrug-resistant (MDR) isolates are resistant to >3 antibiotics. P < .05 is significant. czrC, gene encoding zinc and cadmium resistance; PCR, polymerase chain reaction; TMP/SMX, trimethoprim/sulfamethaxozole. results for analysis. Previous studies observed all tested MSSA isolates of human and swine origin to be susceptible to zinc and cadmium. 11, 21 However, our study observed genotypic zinc and cadmium resistance in 6.6% of MSSA isolates, suggesting a potential reservoir for this resistance in MSSA. The odds of zinc and cadmium resistance were observed to be 48% lower in study-defined LA-SA strains isolated from human samples. These results in conjunction with our finding of significantly increased odds of czrC positivity in swine isolates potentially suggest a relatively strong link of zinc and cadmium resistance in livestock S. aureus, particularly swine. This finding is supported by data on the use of zinc in fertilizers and livestock feeds, particularly in weanling and nursery pigs (initially about 2,975 ppm, later reduced to 83 ppm before sending to market) to increase market production. 15 ' 37, 38 Breeding (gestation and lactation) sows are also exposed to 150 g/t of zinc in their feed. 38 These practices pose a concern for the emergence of resistance to metals such as zinc and cadmium in organisms of livestock origin. There is also potential for the spread of such organisms to humans, resulting in coresistance to different antimicrobials, adding to the burden of existing antimicrobial resistance.
We observed a significant association of zinc and cadmium resistance with methicillin resistance on bivariate and adjusted analysis. This finding is consistent with results observed in European studies, further strengthening the evidence of the czrC gene on the SCCmec element. 17, 21 A recent study on antimicrobial resistance classified MRSA as MDR due to coresistance to other /3-lactams and cephalosporins. 36 This explains the association of S. aureus zinc and cadmium resistance with MDR observed in our study. However, the association between MDR and czrC was reversed on adjusting for oxacillin susceptibility. This finding suggests that oxacillin/ methicillin resistance could be a strong predictor for zinc and NOTE. Data are no. (%) unless otherwise indicated. The Staphylococcus aureus strain was categorized as livestock-associated (LA) and non-LA based on Based Upon Repeat Pattern (BURP) clusters. ST398/ ST9 strains and clusters were included in the LA (t034, t571, tl451, t2876, t3075, t3275, t5462, t5883, t7880, toil, tl250, t4247, t2971, t9418, t3446, t337, tl93, tl456, t4571) and the non-LA (tl79, t548, t4032, t002, t306, t688, t2049, t359, t267, t631, t021, tl27, t304, tll49, t524, t731) groups. Four isolates were excluded from BURP due to nontypeability; nontypeable isolates were included in non-LA. Only isolates tested by AST were included in analysis. CI, confidence interval; czrC, gene encoding zinc and cadmium resistance; MRSA, methicillin-resistant S. aureus; MDRSA, multidrug-resistant S. aureus; OR, odds ratio; sen, gene encoding for staphylococcal complement inhibitor. " P value for Fisher's test reported.
cadmium resistance in S. aureus compared to other antimi-(occupation) or indirect (residential proximity) livestock crobials. This change in direction of association was also apexposure. plicable to sen-negative isolates due to a strong interaction Our study has several limitations. One of the major drawbetween MDR and sen-negative S. aureus. We did not observe backs was the absence of antibiotic susceptibility results on a significant difference in tetracycline resistance between czrCall included isolates, resulting in potentially spurious findings positive and czrC-negative isolates. However, we did observe such as the misclassification of isolates as MDR (or nona significant interaction between tetracycline susceptibility MDR) and bias due to loss of information. Additionally, exand origin of S. aureus, causing us to hypothesize that tetelusion of isolates may have potentially reduced the power racycline susceptibility could be an important effect modifier to detect a significant association between methicillin resisin the causal pathway between origin of S. aureus (swine vs tance and zinc and cadmium resistance in S. aureus isolated other) and zinc and cadmium resistance. from humans. We also did not conduct phenotypic testing Studies with larger sample size and extensive testing on anfor zinc and cadmium resistance. Preceding landmark studies timicrobial susceptibility are warranted to validate these results.
have observed excellent agreement (Kappa coefficient 0.91 21 Nevertheless, these findings could be important when considand 100% concordance 17 ) between susceptibility results and ering antimicrobial treatment options in patients with direct presence of czrC on PCR, suggesting accuracy of our study results. Our study included a convenience sample of 5. aureus isolates, both MRSA and MSSA, limiting generalizability of results to other S. aureus strain types or geographical variations. Nevertheless, we observed consistent associations between presence of czrC and methicillin resistance. To summarize, zinc and cadmium resistance was observed in both MRSA and MSSA isolates in sampled regions in the United States. A statistically significant association was observed between methicillin resistance and zinc and cadmium resistance, although roughly 7% of MSSA isolates exhibited this resistance. A greater proportion of S. aureus isolated from swine was observed to be czrC positive, possibly resulting from consumption of zinc in feeds. Staphylococcus aureus isolated from humans also demonstrated zinc and cadmium resistance, potentially due to contact with fertilizers via skin or inhalation. However, these results could not be substantiated due to unavailability of fertilizer or feed exposure data in both humans and animals. Further research with sufficiently powered, prospective studies is warranted to establish a causal association of zinc and methicillin coresistance in S. aureus and unfavorable outcomes of exposure to zinc compounds.
